Abstract-This paper is focused on the analysis of liquid part of the electrical insulation system used in power transformers. Three types of transformer oil were tested and compared using accelerated thermal ageing test. Oils were aged in a thermal chamber at an elevated temperature of 130 °C during 672 hours. Fourier transform infrared spectroscopy (FT-IR) was subsequently used as a main analytical tool for the oil analysis during thermal ageing. Various changes in obtained infrared spectra related to decreasing of antioxidants level and to rising of the oil nitration process were observed.
INTRODUCTION
There are a many methods to assess the state of liquid part of electrical insulation of power transformers, e.g., measurement of dielectric strength, measurement of oil colour, acidity and sludge, dissipation factor or turbidity measurement [1] . Each of them is based on practical testing. Some of the tests are performed in laboratories and others on site. The selection of the most proper method depends, e.g., on the experimental possibilities, it means on the equipment available, or on the time in which the results are required. Each of those methods can bring various advantages and disadvantages. In some situations, it is better to prefer laboratory testing while on-site testing may be preferred in other cases.
Estimating the lifetime of transformer oil belongs to one of the essential disciplines related to power transformers diagnostics. Nevertheless, nowadays there are many ways of diagnostics oil [1] [2] [3] [4] [5] . Utilization of structural analyses can be still considered as a new way in this field. These analyses have proven their usability in many industrial fields until now, e.g., in medicine and food industry nevertheless . they are not widely used by engineers also in power transformers diagnostics. For these reasons, this paper introduces an initial survey on the application of Fourier transform infrared spectroscopy (FT-IR) as one of the methods of structural analyses and verifies its usefulness for estimating the lifetime of transformer oil.
II. THERMO-OXIDATIVE AGEING OF MINERAL OILS
Generally, analysis of obtained FT-IR spectra can be helpful for identification of material properties, its changes during ageing or for quantitative analysis of materials. Hence, measurement of local FT-IR spectra peak intensity and its change can be monitored during accelerated thermal ageing of tested mineral oils. It is possible to better simulate a real environment that is in the transformer thanks to applied thermal ageing in this manner.
As is generally known, mineral oils for transformers contain a mixture of different hydrocarbons but are mostly composed of three main components: alkanes, cycloalkanes and aromatic hydrocarbons. Alkanes include saturated linear (normal) and branched (iso-) alkanes, cycloalkanes with side hydrocarbon chains and aromatic hydrocarbons contain unsaturated discrete or condensed aromatic rings that may have side alkyl-or cycloalkyl substituents [6, 7] . The properties of the mineral oil are determined by the ration of these the three variable components. The mineral oils tested during experiments reported in this paper are the cycloalkane-based type, which contains a relatively low ratio of iso-alkanes to cycloalkanes and virtually no linear alkanes. The cycloalkane contains a relatively low ration isoalkanes to cycloalkanes and virtually no linear alkanes. Cycloalkane based oils are oxidized by a free radical chain mechanism that has already been described by many authors (e.g., [6, 8] ). Dissolved oxygen on hydrocarbons in the presence of catalysts (metals, aromatic compounds) initiates radial chains at low temperature (30-120°C) and peroxy-and alkyl radicals are formed. The rate of initiation is extremely slow [4] . Alkyl radicals are extremely reactive and react with oxygen to form alkyl peroxy radicals:
The reaction mentioned above leads to the formation of a hydroperoxide and an alkyl radical that can again react with oxygen. Termination may be caused by the disproportionation or rearrangement of radical species, which yields ketones and alcohols. When the oxygen concentration in the liquid is limited then radicals can recombine.
The alkylhydroperoxides (ROOH), dialkylperoxides (ROOR), alcohols (ROH), aldehydes (RCHO) and ketones RC=O lead to oxidation of hydrocarbons at the low-temperature [4, 6] . At temperatures higher than 120 °C, the initiation and propagation reactions are the same as described under low-temperature conditions, but the reaction rate is faster.
In addition, the decomposition reactions of hydroperoxides play an important role during the hightemperature oxidation process [6, 9] . The homolytic cleavage process of hydroperoxides to an alkoxy is driven by high activation energy typical for such process:
Once formed, hydroxy and especially alkoxy radicals are sufficiently active that they abstract hydrogen atoms in nonselective reactions:
Carboxylic acids (RCOOH) are also formed through the oxidation of aldehydes.
At higher temperatures of ageing, the viscosity of the oil gradually increases [10] because of the polycondensation reactions. Further polycondensation and polymerization reactions yield products that are no longer soluble in the oil. The resulting precipitate is called sludge.
The addition of antioxidants is the most convenient and effective way to block the thermal oxidation of oils. 2,6-Ditert-butyl-4-methylphenol, also called 2,6-ditert-butyl-pcresol (DBPC) or butylated hydroxytoluene (BHT), is the most frequently used antioxidant in not only insulating oils but also foods containing fats, pharmaceuticals, petroleum products or polymers [10] .
III. EXPERIMENTAL

A. Description of the tested oils
Transformer oil Nynas Y3000 is a high-quality oil made from the naphthenic raw material. It contains no polychlorinated biphenyls or PCTs, hence it possess has a good thermal resistance, adhesion and low combustibility. The point of spontaneous combustion is around 270 °C; whereas the flash point is approximately 140 °C. The oil was rigorously analysed and complies with the corrosion tests of the standards ASTM D1275 B, IEC 62535 and DIN 51353.
Transformer oil Mogul trafo CZ-A is made from a highquality paraffin oil. According to the test of an independent institute, the formation of sludge occurred after 1500 hours in 120 °C. The oil corresponds to IEC 60296 and its characteristic properties are as follows: low density, high surface tension, very good electric insulation, high oxidation stability and long lifetime. The oil can be mixed with other inhibited oils.
Transformer oil Nytro Lyra X was developed as a high quality insulating oil for use in electrical equipment working in the harsh environment. The oil is hydrogenated and inhibited and possess high resistance against ageing. Very long lifetime and very good dielectric strength. The oil complies with ASTM D1275 method B, IEC 62535 and DIN 51353 and its very low viscosity ensures a very good heat transfer.
Selected properties of tested oils are summarized in Tab. 1. 
B. Accelerated thermal ageing
The accelerated thermal aging was performed according to the international standard IEC 60216-1. In principle, the samples of oils are exposed to elevated temperature for a certain period, whereas time of exposure is chosen based on the standard and nature of the sample. The thermal chamber was used to ensure precise setting of the elevated temperature. The temperature in the thermal chamber was set to 130 °C to accelerate the whole process of thermal aging, which would take much longer time under normal service conditions. A higher temperature of accelerated thermal aging (>140 °C) would start sudden unwanted degradation processes, according to the datasheets. The thermal chamber fan speed was set to 50 % and ¼ of the air flap was set up to 10 % open. Each of the three tested oils was exposed to the elevated temperature for four different times (168, 336, 504 and 672 hours).
C. Fourier transform infrared spectroscopy (FT-IR)
The infrared spectra of the tested oils were measured in a transmission mode using a Nicolet 380 spectrometer (Thermo Scientific, United States). A polystyrene reference sample was used to calibrate the wavenumber accuracy of the FT-IR spectrometer. The spectra were acquired over the range 4000-400 cm -1 at 1 cm -1 resolution when a total of 32 scans were co-added for each measured spectrum. The transmission cell (1 mm in thickness) was filled with oil (3 ml) using a pair of syringes connected to the filling ports of the cell (see Fig. 1 ). The filling was performed carefully to avoid the formation of bubbles in the cell. Every oil sample at a constant aging level was filled and collected with a count of three (i.e., measurement frequency, n=3) and statistically averaged using the Omnic spectroscopic software. FT-IR spectra were first recorded on untreated samples (in the virgin state) and then on treated samples in single times of accelerated thermal aging after their stabilization at room temperature for 24 hours.
The peak maximum at 3650 cm -1 related to strong absorption of the spectral characteristic band of the OHgroup of the low-temperature inhibitor together with maximum at 1610 cm -1 representing structural changes related to oil nitration were taken into account for subsequent analysis. 
IV. RESULTS AND DISCUSSION
The infrared spectra of the tested oils generally consist of three main spectral areas with an increased value of absorbance situated between 400 and 4500 cm -1 , as can be seen on Fig. 2 .
Infrared bands presented within these areas can be generally assigned to change of C-H bonds, whereas infrared region between 800-400 cm -1 is influenced by the stage of oil refining. As was already mentioned, the peak maxima at 3650 cm -1 related to the low-temperature inhibitor and at 1610 cm -1 representing oil nitration were considered for further analysis. Fig. 2 . Example of the infrared spectrum of Mogul trafo CZ-A for the virgin state of oil in the whole measuring range. The maximum peak at 3650 cm -1 is marked by black cycle.
As obvious from Fig. 3 , thermal aging caused a decrease of the peak maxima around 3650 cm-1. The longer the time of thermal ageing at 130 °C, the more rapid the decrease of this peak maximum observed. The peak maximum of the low-temperature inhibitor for each time period around 3650 cm-1 are shown on Fig. 4 . The changes in the maximum peak had trend which is very close to the linear trend and, as such. There are interesting results of continue work, because it could be useful for prediction of tested oil lifetime. Decreasing intensity of the spectral band of the lowtemperature inhibitor can be explained by the gradual depletion of the total amount of inhibitor in the oil during the aging process. This trend was most pronounced in oil Mogul transformer CZ-A.
Other observed changes are shown in the infrared spectrum depicted in Fig. 5 . As can be seen, there are further changes visible in the carbonyl range of 1850 and 1650 cm -1 caused by the ageing. Observed changes can be assigned to the initiation of thermal oxidation of the tested oils and the presence of this spectral band indicates built-up carbonyl or hydroperoxide groups [11] . These processes cause a degradation of electrical properties of oils. The oxidation could be influenced also by the carbonyl group, which is situated in the same area. In case of nitrates (O-NO 2 ), this area cannot influenced. The increase of absorbance at 1610 cm -1 is typical for thermal oxidation which is called nitration. During nitration the organic compounds of nitrogen oxides (NO, NO 2 ... N 2 O 4 ) change at elevated temperature. This oxidation changes the quality of the oil.
The observed changes in antioxidants spectral range are summarized and further quantified in Table II . As can be seen, the level of antioxidants has a tendency to decrease 
The above mentioned information were presented only as an initial survey on the application of infrared spectroscopy for estimating the lifetime of transformer oil. In the experiment, the desired change of monitored parameters derived from infrared spectra was observed. In this manner, FT-IR could provide adequate observables which are needed to assess the remaining useful life of mineral transformer oil. Currently, research is continuing, and other standard dielectric measurements must be continuously carried out (e.g., measurement of dissipation factor) to derive times needed to achieve a standardized endpoint criterium. An obtained criterium is essential for finding a mutual relation between the standardized measurement of dielectric parameters and measurement via FT-IR. In this manner, it will be possible to obtain Arrhenius diagrams expressing the relation between temperature and time to achieve an unacceptable level of oil degradation also via FT-IR, which provides many benefits. For instance, the very small volume of oil is required for the FT-IR tests (3 ml for one test), moisture inside the oil does not have an as significant impact on the results of FT-IR as during measurement of dielectric properties. The measurement by FT-IR is comparatively rapid and insensitive as a methodology typical for measurement of dielectric parameters. Moreover, the sample preparation is facile, and one test via FT-IR lasts approximately 10 to 30 min compared with the 4 h needed, e.g., to measure the dissipation factor.
